Numerical studies of black hole greybody factors indicate that Hawking emission from a highly rotating black hole is strongly spin dependent, with particles of highest spin (gravitons) dominating the energy spectrum. So far, there has been no analytic explanation or description of this effect. Using "gravitomagnetism", or the formal analogy between the Maxwell's field equations for electromagnetism and Einstein's equations for gravity, we were able to establish a link between the spin of the rotating black hole and spin of an emitted particle. Namely, the intrinsic spin of the particle creates a "mass dipole moment" which interacts with external gravitomagnetic field whose source is the rotation of the black hole. We showed that a rotating black hole prefers to shed its spin, i.e. tends to emit particles with the spin parallel to its own. We also showed that the probability for emission grows with the increasing spin of the emitted particles. The amplification factors can be huge if a black hole is highly rotating, i.e. close to extremal. When applied to central galactic black holes, the same physical mechanism indicate that particles orbiting around these black holes should have spins strongly correlated with the spin of the black hole, which may have implications for cosmic rays believed to be coming from these regions of space.
I. INTRODUCTION
One of the first use of the term "superradiance" was by R.H. Dicke in 1954 [1] to describe an effect in which disordered energy of various kinds is converted into coherent energy. In the context of classical black hole physic, superradiance is a classical phenomenon in which an amplitude of an outgoing wave after the reflection is greater than the amplitude of the ingoing wave [2] . This situation can happen in the background of a rotating black hole [3] . Such a background contains an ergosphere (the region between the infinite redshift surface and the event horizon) which allows an incident wave to take away some of the rotational energy of the black hole and get amplified after reflection, giving a negative absorption coefficient (i.e. the reflection coefficient greater than one).
Soon after the discovery of quantum Hawking radiation from a black hole, it was noticed that spontaneous emission from a black hole can also get amplified taking away rotational energy of the black hole. There are numerous numerical studies of this effect, but the first calculation was done by Don Page [4] . It appears that this amplification is very much spin dependent, with emission of higher spin particles strongly favored. As calculated by Don Page [4] , the probability of emission of a graviton by a highly rotating black hole is hundred times greater than the probability of emission of a neutrino and ten times greater than the probability of emission of a photon (see Figure 1 ) [17] . However, so far there is no analytic theoretical framework which describes and explains the physics of this amplification.
While the spin dependent amplification of Hawking radiation is also often called superradiance in the spirit of Dicke's definition in [1] , it is somewhat different from the spin dependent effects in [2] or [3] which crucially depend on the negative absorption coefficient. For example the superradiant amplification as defined in [2] or [3] is not possible for fermions [3, 5] . If the incident wave is made of fermions, then the reflected wave can not get amplified due to Pauli exclusion principle, since all the available states are already occupied. However, the process of Hawking radiation is much more complex and fermions can benefit from the rotational energy of the black hole without having the negative absorption coefficient, as the plot in Figure 1 shows (higher values of the rotating parameter a * imply higher probability for emission of a neutrino).
In this paper, we will try to explain the effect of the strong spin-dependent amplification in Hawking radiation from rotating black holes using the formalism of gravitomagnetism. In order to predict what an asymptotic observer would measure in the case of the Hawking radiation, one has to understand what is going on near the horizon where particles are created, and near the gravitational potential barrier which created particles have to penetrate. Indeed, the spectrum of Hawking radiation, i.e. energy dE emitted by a rotating black hole per unit time dt and per unit frequency dω is
where T h is the Hawking temperature, l and m are the total angular momentum quantum numbers, s is the spin of the particle, Ω is the angular velocity of the black hole, N l,m is the number of available degrees of freedom and A l,m is the absorption coefficient. The absorption coefficient A l,m actually determines the transmission cross section of a particle interacting with the black hole potential barrier, i.e. the probability that a created particle
Hawking radiation of particles with different spin from a rotating black hole. A highly rotating black hole (a * ≈ 1) prefers to emit particles of higher spin. While Hawking radiation from a non-rotating black hole (a * ≈ 0) is dominated by emission of lower spin particles, the probability for emission of a graviton by a highly rotating black hole is hundred times greater than the probability of emission of a neutrino and ten times greater than the probability of emission of a photon. This implies that the amplification is strongly spin dependent, favoring higher spin particles. [Data taken from [4] .]
will penetrate the barrier. We can schematically represent Eq. (1) as a product of two terms
where BB stands for the thermal black body term, while GB stands for the greybody term. The black body term gives the probability that a certain particle is thermally produced near horizon, while the greybody term modifies the thermal radiation due to the existence of the potential barrier which the created particle has to penetrate. The absorption coefficient A l,m which crucially depends on the potential barrier directly gives the greybody factor. The greybody factor is obtained by solving the radial equation of the particle propagating in the background of the rotating black hole with mass M and angular momentum J (see e.g. [5] Sec. 4.8.1)
where s is the spin of the particle, a = J/M is the rotational parameter, ∆ ≡ r 2 − 2M r + a 2 , K ≡ (r 2 + a 2 )ω − am, and the eigenvalue λ ≡ E − s(s + 1) + a 2 ω 2 − 2amω with E being the total energy of the particle.
The terms mΩ in the thermal part of Eq. (1) and am in the eigenvalue λ in Eq. (3) indicate that spin-spin interaction of the black hole and created particle may play an important role in Hawking radiation from a rotating black hole. Not that the quantum numbers l and m refer to the total angular momentum of the particle which in general includes spin, while in the scalar case they refer to the orbital angular momentum). Due to the highly nonlinear and complicated nature of gravity, it is not easy to see the exact nature of this spin-spin interaction and the mechanism through which it works. However, using the formalism of gravitomagnetism, it is possible to write down the (approximative) analytic spin-spin interaction, which may shed more light on the strong spin-dependent amplification in Hawking radiation from rotating black holes.
II. THE SPIN-SPIN INTERACTION BETWEEN THE BLACK HOLE AND PARTICLE
In what follows, we will demonstrate that, due to spinspin interaction of the black hole and created particle, particles created with spin parallel to that of a black hole will minimize their total energy. The higher the spin of the particle is, the stronger spin-spin interaction is, which lowers the energy of the particle. Near the horizon, particles are created thermally, i.e. all the available degrees of freedom whose total energy is less or equal to the temperature of the black hole will be created. This implies that among particles of the same sort, mostly those with spin parallel to that of a black hole will be created taking away black hole angular momentum (spin). Among massless (or almost massless) particles of the same frequency, mostly those of the higher spin will be created since their total energy is lower. The spin-spin interaction also lowers the potential barrier that the emitted particles have to tunnel through. Thus, these two effects work synergetically to amplify emission of particles of higher spin from a rotating black hole, as it was observed in numerical studies.
We will use the formalism of "gravitomagnetism", which is a formal analogy between the Maxwell's field equations for electromagnetism and Einstein's equations for gravity, in an approximation valid far from isolated sources, and for slowly moving test particles. While this approximation appears restrictive, it may give us the right order of magnitude estimates. The metric of the rotating object of mass M and angular momentum J , in the weak field approximation, can be written as
where
3 . In gravitoelectromagnetism [13] (GEM), this gravitational field can be expressed in terms of "electric" and "magnetic" fields.
Motion of a test particle of mass m, in a given metric whose line element is ds, follows from the Lagrangian L = −mds/dt. From Eq. (4) we get
Here, γ is the Lorentz factor and v is the velocity of the test particle. If ∂ A/∂t = 0, the analogous Lorentz force can be written as
with q E = −m and q B = −2m. Consider now a test particle rotating around an object described by the metric (4). We can approximate such a test particle with a massive rotating ring placed in a constant gravitomagnetic field B, as shown in Figure 2 . This rotating ring will create an "angular mass dipole moment" with
L B
The intrinsic spin of the particle will also create a mass dipole moment with
where S is the spin of the particle. Since q B = −2m, the mass of the test particle disappears from Eq. (10) (but it does not disappear from Eq. (9) since L = r × m v). This is expected since spin is an intrinsic property of a particle independent of its mass.
The torque acting on a particle due to the external gravitomagnetic field B is
This torque τ will affect orientation of the vector S. [We note here that a similar result can be derived from the Post-Post-Newtonian approximation (PPN) or using Papapetrou's equations of motion for spin [14] [15] [16] , however, gravitomagnetism reveals a clear analogy with electromagnetism.] Using the formal analogy with electromagnetism, we write down the interaction between the mass dipole moment µ g from Eq. (10) and an external gravitomagnetic field B from Eq. (6) as
As the energy of interaction tends to be minimized, the spin of the test particle will tend to align with the opposite direction of B.
For classical evolution, the torque will force the spin of the test particle to precesses around the B. The effects of dissipation will eventually align the spin with − B. For a planet rotating around a star, this torque and dissipation are small, and the planet will precess around the vector B under some small angle for long time. However, for quantum effects dissipation is not needed. For example, in the case of an elementary particle, the interaction with B can easily change orientation of the particle's spin. For a particle, the characteristic time for flipping can be estimated from the uncertainty principle as
As expected, in a stronger gravitomagnetic field B a particle flips its spin faster. The other quantum effects of interest would be spontaneous pair creation in vicinity of a rotating black hole and tunneling through the potential barrier which we will discuss later. Consider now a black hole whose angular momentum points is z-direction, i.e. J ∼ê z . The vector B is then
where r is the position vector with r 2 = x 2 + y 2 + z 2 . Since it is very unlikely that a random particle with the location r will have its spin parallel to r, for simplicity we remove the component of B that is parallel to r. The remaining component is
If the orbit of the particle is symmetric with respect to the origin, the components inê x andê y directions will cancel out each other. The net effect is then that the spin of the particle tends to align with the opposite direction of B (i.e. to align with the positive direction of e z ) to minimize its energy, which in this case is the direction of the angular momentum of the black hole. Thus, the spin of the particle tends to align with the direction of the angular momentum of the black hole. We can estimate some characteristic times for this process to occur. Consider first a test particle near the Sun's equator. M ⊙ = 1.9891×10 30 kg, R ⊙ = 1.392×10 9 m, and J ⊙ ∼ 5×10 41 kg m 2 /s, and ∆S ∼h. From equation (13), the flipping time is about 7.3 × 10 12 s, which is very unlikely to be observed. However, if we replace the Sun with an extremal black hole of mass 1M ⊙ , the flipping time becomes 4.8 × 10 −6 s. Therefore, we can expect the spins of particles around extremal (or close to extremal) rotating black holes to be practically all aligned with the angular momentum of the black hole (in the absence of external disturbances). This polarization of spins in the background of highly rotating central galactic black holes may perhaps be observed in future. Active Galactic Nuclei (AGN), which are believed to harbor large highly rotating black holes, appear to be the source of radiation of many different kinds of particles. Detecting the correlation between the spin of the black hole and that of the emitted particle (perhaps a neutral particle in order to avoid the effects of magnetic fields) would be a strong support for our findings.
III. CONSEQUENCES FOR HAWKING RADIATION
We now turn to Hawking radiation, which is a quantum effect where particles are spontaneously created in the gravitational field of the black hole. This energy difference between different orientations of the spins of created particles may significantly affect the energy distribution of Hawking radiation. We estimate the energy distribution of created particles from the Boltzmann distribution P (E) = e −E/T (16) where P (E) is the probability that a particle in the state with the total energy E is created, while T is the temperature of the background (i.e. black hole Hawking temperature). Suppose two particles are created at the same position, with different spins but with the same linear momenta. The ratio of probabilities for these two particles is
where ∆ S is the difference in spins of the emitted particles whose probability ratio we are calculating. Since we saw that the particle spin S tends to be aligned with the spin of the black hole, i.e. to point to the direction opposite to B, then the higher spin particle has higher probability to appear than the lower spin one. Thus the amplification is stronger for particles of higher spin.
In the context of Hawking radiation, particles are created thermally near the horizon, i.e. all the available degrees of freedom lighter than the temperature of the black hole are created. Since the interaction term in Eq. (12) lowers the total energy of a particle that feels the gravitomagnetic field B, this implies that among massless (or almost massless) particles mostly those of the higher spin will be created since their total energy is lower. This is in agreement with Eq. (17) . It is true that the approximation that we used is not strictly valid exactly at the horizon, but certainly captures non-trivial information about the metric of the rotating black hole, as can be seen from Eq. (4).
Once a particle is created near the horizon, it has to penetrate the potential barrier in order to reach an asymptotic observer. The same interaction term in Eq. (12) now lowers the potential barrier that the created particles have to tunnel through. Since most of the created particles are those of higher spins, and have spins already aligned with that of a black hole, they do not have much to compete against. Thus, these two effects work synergetically to amplify emission of particles of higher spin from a rotating black hole, as it was observed in numerical studies.
Another important observation is the magnitude of the effect for highly rotating black holes. The Hawking temperature of a rotating black hole is
where a * = J/M 2 . The temperature is lower for the higher spin of the black hole. A near extremal black hole (i.e. a * ∼ 1) has the temperature near zero. This significantly enhances the probability to emit a higher spin particle. A near extremal black hole will essentially emit only highest spin particles, i.e. gravitons. To illustrate this we plot Eq. (17) as a function of the black hole spin parameter a * in Fig. 3 . We fix ∆S =h, which will give the ratio between, say, gravitons and photons, and we assume that particles are emitted near the equator of the black hole (where the expression for B in Eq. (14) simplifies with x 2 + y 2 = r 2 = R 2 bh and z = 0). Clearly, P ratio grows with a * , and the enhancement factor can easily reach several orders of magnitude, which is in qualitative agreement with numerical results in Fig. 1 . We note that the precise quantitative agreement can not be expected. The plot in Fig. 3 diverges at a * = 1, but at that point the temperature of the black hole becomes zero and is therefore unattainable according to the third law of thermodynamics. The effects of backreaction will prevent this from happening. The importance of the plot in Fig. 3 is to show that huge amplification is possible. Indeed, the analytic expressions that we used are not correct exactly at the horizon. Therefore the magnitude of the gravitomagnetic field in Eq. (15) is only given approximatively. For example, a multiplicative factor of the order 2 − 3 in Eq. (15) would correspond in one order of magnitude change in P ratio . Also, inclusion of a small z-dependent component in Eq. (15) (due to imperfect cancelation) will reduce the magnitude of the gravitomagnetic field bringing the results closer to the exact numerical values in Fig. 1 . A non-rotating black hole prefers to emit particles of lower spin (the spin practically acts as a damping factor in the effective potential of the non-rotating black hole), which is the point a * = 0 on the plot in Fig. 1 . For nonzero values of a * , the spin-spin interaction between the black hole and emitted particle kicks in, which gives rise to the spin dependent amplification. As we showed, this amplification is stronger for the higher spin fields, and easily reaches several orders of magnitude in difference. This qualitatively explains the numerical results in Fig. 1 .
Note that the fermions also benefit from the spin dependent amplification. This is in contrast with the superradiance effect as defined in [2] or [3] that crucially depends on the negative absorption coefficient. The negative absorption coefficient makes the GB term in Eq. (2) negative, which in turn cancels the negative sign of the BB term in Eq. (2) for modes satisfying 0 ≤ ω ≤ mΩ. The absorption coefficient can never be negative for fermions, which implies that fermions can not make use of the superradiant modes. However the spin-spin interaction that we describe implies that the thermal black body term BB in Eq. (2) allows for the spin dependent amplification (as in Eq. (17)), and is the main source of amplification for fermions.
For completeness we mention that higher l modes of the scalar particles (i.e. s = 0) can also be amplified. Scalar particles have the intrinsic angular momentum (i.e. spin) zero, but their orbital angular momentum can be non-zero, which is described by l > 0 modes. Note that our formalism still applies, one just needs to replace the magnitude of spin with the magnitude of the orbital angular momentum, since they are both just angular momenta.
IV. CONCLUSIONS
In conclusion, we tried to explain the effect of the strong spin-dependent amplification in Hawking radiation from rotating black holes using the formalism of gravitomagnetism, i.e. the formal analogy between the equations of electromagnetism and gravity. The analogy is limited to weak fields and slow motion of test particles, but it may give us the correct qualitative behavior. Slow motion of test particles implies that this formalism has some limitations when applied to massless particles. Note however that the mass of the particle cancels out in Eq. (10) and the results do not explicitly depend on the particle mass. We thus believe that our conclusions are valid for both massive and massless particles.
We established a possible link between the spin of the rotating black hole and spin of an emitted particle, for which the interaction between the gravitomagnetic field and the spin of the test particle is responsible. While Eq. (11) was earlier derived in [14] in the PPN approximation, our derivation in the context of gravitomagnetism reveals a clear analogy with electromagnetism. We then used this analogy to write down the energy of the spin-spin interaction between the black hole and emitted particle. In the context of spontaneous emission of particles, we showed that a rotating black hole prefers to shed its spin, i.e. tends to emit particles with the spin parallel to its own in order to minimize the interaction energy. We showed that the probability for emission grows with the increasing spin of the emitted particles, in agreement with numerical studies. The amplification factors can be huge if a black hole is highly rotating, i.e. close to extremal. Therefore, a highly rotating black hole prefers to emit mostly gravitons, while emission of particles of lower spin is highly suppressed.
Since we worked in the weak field approximation, some of our results are applicable to other rotating systems. For example, a test particle rotating around the Sun will tend to align its spin with that of the Sun, albeit on very large time scales. The characteristic time for flipping the spin gets must shorter in vicinity of the black hole. When applied to central galactic balk holes, our results indicate that particles orbiting around these black holes should have spins strongly correlated with the spin of the black hole. This polarization of spins in the background of highly rotating central galactic black holes may perhaps be observed in future.
